Binding configurations, interface electronic structures, and magnetic properties of 3d-transition metal phthalocyanine (MPc, where M=Mn, Fe, Co, Ni, Cu or Zn) molecular systems on Au(111) substrate, are systematically investigated with first-principles density functional theory (DFT) calculations using PW91 exchange-correlation functional. We also calculated the corresponding properties of free standing molecules and did comparisons between these two cases. It is found that MnPc, FePc and CoPc have a stronger binding than that of NiPc, CuPc and ZnPc.
Introduction
Molecule-metal systems have attracted much attention [1] [2] [3] [4] [5] not only because of fundamental interest [1] [2] [3] but also for potential applications in future electronics. 4, 5 Among these systems, metal phthalocyanine (MPc) represents one of the most promising and versatile classes for its novel properties, thermal and chemical stability.
In recent years, there has been variety of work on the metal-Pc systems. CuPc on Au(111) surface. [6] [7] [8] Kondo effect and its manipulations in MPc on different surfaces (CoPc/Au(111), 9 FePc/Au(111) 10 , and MnPc/Pb/Si(111) 11 ) were reported.
Petraki et al. studied the electronic structure of NiPc thin film on inorganic and organic substrates. 12 Energy level alignment at organic semiconductor interfaces of 3d-transition metal phthalocyanines was systematically investigated by Grobosch et al.. 13 Transport and vibration properties of MPc-metal substrate systems were also studied. [14] [15] [16] [17] In these studies, quantum mechanical calculations based on density functional theory (DFT) were employed to understand and predict the interface properties of MPc-metal systems. Electronic structures of free MPc molecules with 3d-transition metal were studied with various exchange correlation functionals. [18] [19] [20] [21] [22] [23] It was found out that a hybrid functional could successfully cancel the self-interaction errors (SIE) and described the electronic structure very well for single MPc molecule. 18, 19, 23 Carefully chosen nonempirical hybrid functional such as HSE03 and PBE0 can also perform good in periodical systems. 24, 25 But because of the expensive time consuming, it is hard to use for the calculations of large molecule-metal systems.
For the time being, state-of-the-art DFT calculations of MPc/metal interfaces still mainly use semi-empirical functionals. It was found that DFT calculations with a GGA functional sometimes agreed well with experimental results on the metal-substrate distance and the STM images, especially for CoPc/Ag(111). 26 In this work, we choose PW91 functional and investigate the adsorption behavior of FePc on Au(111) surface. The most stable adsorption configuration, interaction between
FePc and Au(111), and magnetic properties are systematically calculated and analyzed.
After that we investigate other MPc/Au(111) systems (M=Mn, Co, Ni, Cu or Zn).
We find that the adsorption energies of all the configurations are around several hundred meV, implying a weak interaction between the molecules and the substrate.
And the adsorption has little effect on the magnetic properties of the molecules except 
Selection of Functional and Calculation Method
Various functionals were used in MPc-metal substrate calculations. Hu et al.
calculated electronic and magnetic properties of MPc on Au(111) system (where M=Mn, Fe, Co, Ni or Cu) at 6-31G**/LSDA level implemented in DMol package. 9, 27 However, because of the over-binding feature caused by LDA functional, the binding energies are around -3.5 eV. 27 We also used the LDA functional to calculate the FePc/Au(111) system and got a binding energy of -3.6 eV and a migration barrier of 0.19 eV, which yields a strong binding and a hopping rate of ~10 times/second at 77K.
As a comparison, calculation using PW91 functional gave a weak binding and a migration barrier of 0.04 eV, corresponding to a hopping rate of ~10 10 times/second.
Experimentally, time resolved tunneling spectroscopy found that the hopping rate was larger than 10 6 at 77K.
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Considering the diffusivity was decreased by an electric field, we conclude that the PW91 functional could give a better description than that with the LDA for FePc/Au(111).
Compared with LDA, GGA is believed to give an under-binding picture on 4 molecule-metal substrate systems. Therefore, many van der Waals (vdW) involved methods have been used to improve the description of the dispersion part. [30] [31] [32] These methods have given excellent results in many systems such as graphite system and so on. 33 In the last three years, these methods have also been applied to MPc-metal substrate. 34, 35 In these studies, the vdW interaction induced a close molecule-substrate distance and then influenced the electronic structure at the interface. However, even though DFT-D method performs pretty well in π-π packing system, 33 it overbinds the molecules to the metal substrate 32, [36] [37] [38] and sometimes overestimates the binding energy with an error larger than the underestimates of a PBE functional. 37 One example in which the DFT-D method might give wrong conclusion is the CoPc/Cu(111) system. In this system, a modified DFT-D method gave a stronger binding energy than LDA did. 35 We tested the FePc/Au(111) system with the DFT-D method (Grimme 06 scheme 30 and parameters for gold were chosen the same as Ag). It was found that DFT-D method predicts an adsorption structure similar to LDA result with an average FePc-substrate distance of 2.81Å, while the binding energy is -11.4 eV, which is stronger than that from LDA calculation. This result is similar to CoPc/Cu(111) system. 35 The recently developed vdW-DF method 31 sometimes did not perform well in molecule-metal interface either. Quantum mechanical calculations were performed within density functional theory and the generalized-gradient approximation using the VASP code. 42, 43 Exchange-correlation effects were carefully checked and finally modeled using the Perdew-Wang functional (PW91). 44 The projector augmented wave method was employed. 45, 46 Periodic boundary conditions were applied. When calculating the This supercell consisted 281 atoms. The electronic wave functions were expanded in plane waves with a kinetic energy cutoff of 400 eV. Γ point k-sampling was used.
The structures were relaxed until residual forces were smaller than 0.02 eV/Å. Other parameters such as the smearing type were described when they were used. The 
Freestanding single molecule
In order to investigate how the substrate influences the electronic structures and magnetic properties of MPc molecules, free standing single MPc molecules were calculated first. contributed from the Pc skeleton were nearly unchanged, even though their geometric structures and electronic properties were changed as the central metal atom changed.
We also drew the shape of the wave functions of these two orbitals (not shown here), and they exhibit the same shape as the corresponding ones of the H 2 Pc molecule. These will cause the disagreement between scanning tunneling spectroscopy (STS) and the calculated local density of states (LDOS), but the main essential experimental feathers can be reproduced.
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FePc/Au(111) system Au(111) is a well investigated surface. 51, 52 The herringbone structure provides a good template for the adsorption of molecules and ad-atoms. At low coverage, molecules and atoms prefer to adsorb on the FCC packing region. [53] [54] [55] We found that top-angle was the most stable configuration, which is in agreement with previous experimental observations and calculations in ref. 10, 28, 29 . And fcc, hcp, bridge-I and bridge-III were relatively meta-stable ones. So for other
MPc/Au(111) system, we just calculated and analyzed these five configurations.
The adsorption energy differences between these states are small (several tens meV).
It thus suggests that these configurations can co-exist at certain temperatures, such as 300K. The adsorption energy for the most stable adsorption configuration is -436
meV. This adsorption energy is higher than that of a typical physical adsorption but is much lower than that of a chemical adsorption. The calculated migration barrier is 38 meV, which is large enough to make the molecule frozen at 4K but small enough to make it fast diffusing at 77K, and this conclusion has also been supported by the experiments in ref. 28 These results are different from those in ref. 27 , in which the most stable configuration is hcp hollow, the adsorption energy is much lower (-3.67 eV) and the magnetic moment for FePc is half-quenched when adsorbed on Au(111). Comparing these with our calculation results, the differences could come from either the different exchange correlation functionals or the different considerations for substrate while relaxing the configurations. For different exchange correlation functionals, we have checked our results using LDA functional. The result shows that the most stable configuration is top-angle, which is the same with that obtained from the PW91
calculations. Different from PW91 calculation results, the magnetic moment changes to 1 μ B and the distance between the Fe and gold atoms is short. Therefore, different exchange correlation functionals is the reason of the magnetic moment change. For the consideration of the substrate, the first two layers of gold atoms were fully relaxed in our calculation while they were fixed in ref. 27 . After the first two layers of gold atoms were relaxed, some gold atoms were pulled out at certain adsorption site. Take the top-angle configuration as an example, the gold atom directly under Fe was lifted up as high as 0.3 Å in our PW91 calculation and 0.17 Å in our LDA calculation. This uplift of Au atom will lower the energy of the system, and thus change the energy sequence between different adsorption configurations.
Therefore, it is clear that the fixation of the substrate contributes to the discrepancy of the most stable adsorption configuration between our calculation and the calculation in ref. 27 . Different choice of exchange correlation functional contributes to the quench of the magnetic moment of the iron atom. As mentioned above, LDA calculation gives a higher migration barrier comparing with the experiments. We between Pc and the substrate. This interaction is also site specific, which has been used to explain the site-specific Kondo effect. 10 Charge transfer is an important aspect of molecular electronics. Here we also calculated the electron density difference in FePc/Au(111) system. The electron density difference used here was defined as follow:
Δρ=ρMPc/Au(111)-ρMPc-ρAu(111)
Negative Δρ means electrons loss, while positive Δρ means electron accumulation. The interaction between the adjacent molecules was also considered. A small supercell with a top-angle configuration was used to simulate the monolayer structure of FePc/Au(111). 54 The parameters to optimize the structure and calculate the adsorption properties were the same as described above but with a c(5×6) supercell and a 2×2×1 k-sampling. The adsorption energy for this full-coverage system is -489 meV, which is only 53 meV lower than that with a big supercell. The PDOS on FePc molecule in the monolayer structure is shown in Fig. 4d . Compared with that of single molecule adsorption (Fig. 4a) , there are no obvious differences. All of this indicates the interaction between the molecules is weak.
Other MPc/Au(111) systems
Since the PW91 calculation results of FePc/Au(111) agree well with the experimental observations, such as the fast diffusion, 28 we further do similar calculations on other First of all, the geometric structures were relaxed and the adsorption energies of the five selected adsorption configurations were calculated, see Table 2 . The average vertical distance between an MPc molecule and Au (111) Considering the vertical distances between the central metal atom and the underneath gold atom, we can conclude that the smaller the distance, the more stable the configuration.
Following from the discussion above, we find that the interaction between the central metal atom and the gold atom underneath it plays an important role in these systems, while the electronic structures of Pc skeletons change only slightly. Figure 7 shows We did the electron density difference analysis for two typical systems: MnPc/Au (111) as an example of relatively strong adsorption and ZnPc/Au(111) as an example of relatively weak adsorption. The integrated electron density difference in the x-y plane is shown in Fig. 8 . As described above, the adsorption of MnPc is stronger than that of ZnPc, and the geometric distortion for MnPc is larger than that of ZnPc, which can be seen in Figs. 8a and 8c. It also shows clearly that the charge transfer in
MnPc/Au(111) system is larger than that in ZnPc/Au(111) system. Still, they follow the same pattern. This charge transfer induces a dipole moment perpendicular to the surface. The interactions among these dipole moments play an important role in the self assembly behavior in this system. 
